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Chapter 1
Introduction
1.1 Background
Many heat transfer devices such as heat pipes, and capillary pumped loops rely upon the 
change in phase of a liquid to a vapor and the subsequent transport of the latent heat of the vapor 
to obtain high heat transport capabilities. The liquid is chosen to evaporate at a temperature that is 
near the working temperature of the system which it is cooling. These devices are particularly 
effective at removing heat from a system because of the enormous amount of energy that is 
required to overcome the latent heat of vaporization, with negligible temperature rise.
In phase change heat transport devices as well as in nucleate boiling the majority of the 
heat transfer may occur within the near contact line region, which for wetting liquids is known as 
the thin film region [10], In evaporation processes, the thin film is found in the meniscus which is 
formed when a wetting fluid is in contact with a solid surface (figure 1.1). In nucleate boiling, the 
thin film occurs in a sublayer beneath the region of bubble growth (figure 1.2).
When an extended meniscus forms against a heated wall (figure 1.3), three distinct regions 
can be observed. The intrinsic meniscus is the surface tension dominated region where curvature is 
significant and the film thickness is large. In this region the evaporative flux is small due to the 
large thermal resistance associated with such a thick film. Beyond the intrinsic meniscus is the thin 
film region which can be broken down further into the interline region and an equilibrium thin film. 
This thin film region is defined as the region where disjoining pressure is significant. The 
disjoining pressure reflects the cumulative effect of the adhesive molecular forces
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Figure 1.1: The Meniscus Formed by a 
Wetting Fluid in Contact with a Solid Surface
Figure 1.2: The Microlayer Meniscus Formed 
Beneath a Bubble During Nucleate Boiling
Figure 1.3: Regions of the Extended Meniscus
between a solid surface and the adjoining liquid and, in effect, can be represented by a body force 
per unit volume. Since this body force represents the cumulative molecular interactions, its range 
of influence decays rapidly with distance from the surface. In the equilibrium thin film the 
disjoining pressure forces dominate, creating an adsorbed film which can exist in equilibrium even 
when the vapor pressure in the neighboring gas phase is below the normal saturation pressure at 
the system temperature. This indicates that with the proper thickness, the adsorbed film can exist 
without evaporating [4], With such low heat fluxes occurring in the intrinsic meniscus and the 
equilibrium thin film, the interline region becomes significant. It is this region where heat flux is 
maximum, and thus it plays a crucial role in the overall evaporation process. The interline region 
connects the intrinsic meniscus and the equilibrium thin film. Within this region, the disjoining 
pressure is significant but does not dominate. Similarly, the film thickness is greater than that of 
the equilibrium thin film, but not thick enough to deter evaporation due to a large thermal 
resistance to diffusive heat transport from the heated wall to the vapor.
In nucleate boiling a similar geometry can be used to describe the microlayer meniscus 
which is located beneath a forming bubble (figure 1.4). The regions are defined in the same
3
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causes surface shear forces which may inhibit the flow of fluid into the thin film (figure 1.5). If the 
temperature gradient is severe enough, it may yield interfacial stresses which choke off the flow
into the thin film.
Figure 1.5: Surface Shear in a Thin Film 
Due to Temperature Gradients
The temperature gradient induced by non-uniform evaporation from the thin film will exist 
for both pure fluids and mixtures of fluids. However, with fluid mixtures other surface shear 
forces must be considered as well. Of primary concern to this research are binary liquid mixtures, 
consisting of two fluid components. The mixture consists of a bulk volatile component with small 
additions of a comparatively non-volatile component. The solute chosen must have a significantly 
lower vapor pressure, coinciding with a significantly higher surface tension. As evaporation 
occurs in the thin film, both components flow together from the bulk region to replace the 
evaporated mass. However, once in the thin film only the solvent evaporates, leaving an 
accumulation of the solute in the thin film. This distillation effect causes a concentration gradient 
between the bulk region and the thin film, i.e. the solute concentration in the thin film region is 
greater than that of the bulk region. Since the solute has a higher surface tension, the concentration 
gradient induces a surface tension gradient between the thin film and the bulk region. The area of 
higher surface tension (the thin film) will act to pull liquid from the area of lower surface tension 
(the bulk region) towards it. As a result, the concentration gradient causes surface shear forces
5
which may enhance the flow of fluid into the thin film. In effect, the concentration gradient causes 
surface shear forces which act to counter the surface shear forces induced by the temperature 
gradient (figure 1.6). The net effect is a more stable meniscus.
Figure 1.6: Surface Shear in a Thin Film 
Due to Concentration Gradients
1.2 Practical Motivation
The importance of the thin film region can be seen from the role that it plays in the process 
of both evaporation from menisci and boiling processes. Stability in this region appears to be
crucial to effective heat transfer within the film and crucial to the control of the location of the
meniscus. Obviously, a better understanding of the basic physics of this region will be of great 
benefit in understanding the uses and limits of phase change heat transport devices, as well 
providing reliable design of these devices. Recent problems of premature failure of space-based 
heat transport devices (heat pipes and capillary pumped loops) provides another motivation for 
investigation of this phenomena [11], A better understanding of the significance of gravitational 
forces within this region and the mechanism of stability which they provide could offer a means to 
counteract the physical mechanisms leading to the premature failure of these devices in space- 
based applications.
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Of particular interest to this research is the stability of binary liquid mixtures as compared 
to that of pure liquids. The distillation effect that occurs in the thin film region during evaporation 
causes an accumulation of the higher surface tension component in the thin film. The high 
concentration of this non-volatile component lends a certain stability to the meniscus. It is desired 
to experimentally determine the increase in stability of the meniscus as function of solute 
concentration compared to the stability of a pure liquid under the same system conditions. It is 
anticipated that the stability of the meniscus will continue to increase with solute concentration 
until the system is entirely composed of the higher surface tension component. However, this 
increased stability due to solute concentration is not entirely beneficial to the system. The heat 
transfer from the surface is carried out by the evaporation of the volatile constituent. Therefore, if 
the concentration of the solute is too great the effective heat transfer of the system is reduced 
because the mechanism of the heat transfer itself has been reduced as the solvent would necessarily 
have to diffuse through the solute to reach the liquid-vapor interface. Obviously this is not 
desirable. One motivation for this research is to find the optimum concentration of solute which 
will maximize the system stability without hindering the heat transfer process. This concentration 
will be a function of the working fluids chosen.
Increased stability is not the only advantage gained by using binary liquid mixtures. The 
critical heat flux may also be increased. If a pure fluid is pushed to its limits of stable and 
effective heat transfer at a given heat input, then a binary fluid under the same conditions will still 
be stable and able to accept more heat input. The critical heat flux of a system will be limited by 
its stability. A more stable system means that more heat can be transported. Therefore, binary 
fluids may act to extend the range of effective use of a given heat transport device. It is desired to 
experimentally observe these heat transfer properties to determine whether they actually are 
enhanced and if so, to what degree.
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1.3 Prior Work
The foundation of thin film thermo-fluid research was laid in the 50's and 60's. A
significant contribution to this foundation was provided by Derjaguin [6] who described the 
molecular interactions of a solid surface with a contacting liquid phase as a pressure reduction 
within the liquid and defined this pressure drop as the disjoining pressure. Schrage [16] added to 
this foundation with his studies of interfacial heat and mass transfer from a liquid-vapor interface. 
These early contributions were used as a base for later work by: Ludviksson and Lightfoot [13], 
who studied the significance of surface tension gradients on the dynamics of thin liquid films; 
Moosman and Homsy [14], who studied the evaporation rates within thin films; Wayner [17], who 
investigated the significance of interface shape on evaporation; and Bankoff [2], who studied the 
stability and dynamics of thin heated films. Due to the extensive research of these investigators 
and others, much insight has been gained into the physics of thin liquid films. Despite the attention 
which thin films have gained in recent years, there are still facets of the subject which remain to be 
adequately studied. Among these are binary liquid mixtures.
Although the use of binary liquid mixtures is common in practice the mechanisms by 
which they differ from pure fluids are not thoroughly understood. It is generally accepted that the 
addition of a second non-volatile constituent can increase the effective heat transfer properties of a 
phase change device. For example, in the area of homogeneous nucleation, both Holden and Katz 
[9] and Avedisian and Glassman [1] reported significantly higher critical heat fluxes for binary 
liquid mixtures relative to pure liquids. The majority of the research conducted on binary liquid 
mixtures has been related to experimental investigations of nucleate boiling. Little theoretical 
research has been done to identify the optimum concentrations of binary mixtures, or to quantify 
the mechanism for enhancement of the heat transfer and stability that can be expected from binary
mixtures.
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1.4 Shortcomings Of Prior Research
Recent work by Baumann and Thiele [3] and Wayner and Tung [19] have illustrated that 
significant changes in the heat and mass transfer characteristics can occur in evaporation of binaiy 
mixtures. Parks and Wayner [15] performed a theoretical and experimental investigation of the 
evaporation of a mixture of decane/tetradecane along an inclined heated flat plate. The focus of the 
investigation was to identify the contributions of temperature and concentration gradients on 
surface shear near the contact line of an evaporating curved thin film. It was estimated that flow 
resulting from surface shear and flow resulting from curvature gradients were on the order of 100 
times and 10 times (respectively) more important than the gravitational contribution. Under the 
conditions studied, surface shear due to concentration gradients was found to be greater than and 
opposed to that due to temperature gradients. The net result of the surface shear was to enhance 
flow into the thin film. The experimental results of this research were used to validate a theoretical 
model which was developed for this work. However, the approach taken with the theoretical model 
left some ambiguity in the physical significance of the work. The model was developed without 
mention of what happens to the non-volatile component during evaporation in the thin film. As the 
volatile component evaporates from the thin film, both constituents flow from the bulk to replace 
the evaporated mass. Due to a distillation effect, the non-volatile component accumulates in the 
thin film. What is the mechanism by which the non-volatile component returns to the bulk? If the 
mechanism is diffusion, then evaporation of the volatile component would be inhibited due to the 
relatively slow process of diffusion through the length of the film toward the equilibrium film. 
Physically this does not match with the improvement of heat transfer properties that may be 
observed with binary fluids. The more likely mechanism would be a circulation pattern within the 
thin film which returns the non-volatile component to the bulk region. If this is the case, then at 
what film thickness does this recirculation occur? How is the recirculation affected by surface 
shear and disjoining pressure forces which exist in the thin film? The work of Parks and Wayner
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did not address these questions. Furthermore, the model which was developed computed 
temperature and composition profiles based on meniscus profile data which was determined a 
priori by extensive curve fitting to various polynomials. This is problematic because the choice of 
the polynomial significantly affects the solution. The shortcomings of this research suggest, once 
again, that further analytical and experimental investigations are necessary in order to answer these
questions.
1.5 Objectives
Experimentally, it is desired to observe the evaporation of a liquid mixture of pentane and 
decane. The range of concentrations to be studied will be from 0% decane (pure pentane) to 3% 
decane. Over this range of concentrations, the stabilizing effect of the non-volatile constituent will 
be observed. It is expected that as concentration increases, stability will increase as well.
However, the addition of too much decane is expected to hinder the heat transfer properties of the 
system. Therefore, it is also desired to experimentally determine the fluid concentration which will 
maximize the heat transfer of the system. Knowing this optimum fluid concentration, the 
enhancement of stability and heat transfer can be determined with respect to a system of pure 
pentane. Also, the heat input to the system will be incremented in a variety of ways with all other 
parameters being equal. The results of these tests will illustrate the effects on stability as a 
function of the manner in which heat is input into the system.
Theoretically, it is desired to show that the surface shear due to concentration gradients is 
on the same order as the surface shear caused by temperature gradients, thereby indicating that 
concentration gradients can effectively counter the flow inhibiting effects of surface shear due to 
temperature gradients. A critical temperature gradient will be determined for which temperature 
effects will dominate when AT > ATC and concentration effects will dominate when AT < ATC. It 
is anticipated that experimental results will confirm that above ATC surface shear due to 
temperature gradients will dominate, and instabilities will occur. Likewise, below ATC where
10
surface shear due to concentration gradients dominates, a stable condition is expected. It is also 
desired to determine a feasible mechanism by which the non-volatile component is returned to the 
bulk region of the meniscus.
11
Chapter 2
The Physical Model
2.1 Mechanisms of a Binary System
The distillation effect that is observed in the evaporation of a binary liquid mixture is well 
understood. As the volatile component is evaporated from the thin film region of the meniscus, 
both constituents flow from the bulk region to replace the evaporated mass. Since the second 
component is comparatively non-volatile it accumulates in the thin film region while the volatile 
component changes phase, removing heat from the system and passes on as a vapor. The point of 
interest here is the build up of the second constituent. What happens to the non-volatile 
component? Does it continue to accumulate forcing the volatile component to diffuse through it in 
order to continue the evaporation process, or does is somehow recirculate and return to the bulk 
region?
If the non-volatile constituent continuously accumulates in the thin film region then the 
evaporation, and therefore heat transfer, becomes a diffusion limited process. Since it is the 
volatile component which actually removes the heat from the system, the solvent would have to 
diffuse through the solute until it reached the heat source. At that point the solvent could absorb its 
latent heat and change phase, removing heat from the system. With the slow process of diffusion, 
one would expect that the addition of a non-volatile component would degrade the heat transport 
properties of the system. However, this is not what is experimentally observed. In practice, the 
heat transfer characteristics may actually be enhanced with the addition of a second constituent. 
This implies that diffusion is not the only mechanism at work within the thin film
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region. Diffusion will occur in the thin film as long as a concentration gradient exists. However, 
the idea that diffusion controls the heat transport conflicts with observed experimental results, i.e. 
diffusion acting alone, does not explain the enhancement of the heat transport process.
The experimental results indicate that the non-volatile constituent does not continuously 
accumulate within the thin film region, therefore it must return to the bulk region by another means 
in addition to diffusion. The only alternative mechanism which is capable of this is a recirculating 
flow which continuously resupplies the volatile constituent to the evaporative interface (figure 2.1). 
This mechanism would not inhibit the heat transfer properties of the system, because the volatile 
component would no longer have to diffuse through the non-volatile component in order to 
evaporate. It could also be argued that the presence of a limited amount of the non-volatile 
constituent in the thin film would enhance the stability as well as the heat transport properties of 
the system. Additionally, a recirculating flow can be explained in terms of the thermocapillary 
forces which exist in a binary liquid mixture.
Figure 2.1: Mechanism For Return of the Non-Volatile Component
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2.2 Description of Physics
Thermocapillarity is established at the liquid-vapor interface when surface tension 
gradients exist. Areas of the interface which have a higher surface tension have tendency to pull on 
the areas of lower surface tension. This results in an interfacial flow pattern within the liquid 
phase from low to high surface tension and may also induce flow below the surface of the liquid 
due to viscous drag.
During evaporation from a meniscus, the temperature gradients which exist between the 
thin film and the bulk region induce surface tension gradients which may inhibit flow into the 
meniscus. If the temperature gradient is severe enough, the thermocapillary forces may be capable 
of destabilizing the meniscus. These instabilities are generally undesirable because they can inhibit
effective heat transfer.
In binary liquid mixtures, the distillation of the non-volatile component causes 
concentration gradients which induce surface tension gradients capable of enhancing the flow into 
the meniscus. This effect occurs in conjunction with and in opposition to the temperature-induced 
surface shear forces. Therefore, if the thermocapillary forces due to the concentration gradients 
are greater than or on the same order as those due to temperature gradients then binary liquid 
mixtures may exhibit increased stability in comparison to that of pure liquids. This means that 
with all other things equal, the meniscus of a binary liquid would continue to be stable at heat 
inputs which would normally destabilize a pure fluid. This thermocapillary approach to 
instabilities can therefore explain the results which are experimentally observed.
If recirculation patterns are occurring in the thin film, then the evaporation and therefore 
the heat transfer will be limited by the flow, i.e. the fluid can only evaporate as fast as it can be 
supplied. From arguments similar to those above, the fluid flow into the meniscus of a pure fluid 
may be inhibited by surface shear forces. This would have tendency to diminish evaporation rates 
and degrade the heat transfer properties of the pure fluid. In contrast, with all other things being
14
equal, the evaporation of a binary fluid may be enhanced by improved flow into the meniscus due 
to beneficial surface shear forces. Likewise, the heat transport properties of a binary liquid would 
also be improved as compared to those of the pure fluid under the same conditions. Again, the 
action of thermocapillarity can explain the improved heat transport characteristics of binary liquid 
mixtures which are observed in experiments.
15
Chapter 3
Scaling Analysis
3.1 Motivation
As previously discussed, small additions of a chemically similar, non-volatile fluid to an 
originally pure and volatile fluid will alter the evaporation characteristics in the meniscus region. 
Specifically, the addition of a second component will create concentration gradients which induce 
surface shear forces which oppose the already existing surface shear forces due to temperature 
gradients. In other words, there will be competing thermocapillary stresses on the liquid-vapor 
interface m the meniscus region. The temperature gradient creates thermocapillary stresses which 
would inhibit fluid flow into the meniscus, while the concentration gradient creates thermocapillary 
stresses which may enhance fluid flow into the meniscus. This is the mechanism by which it is 
hypothesized that meniscus stability can be increased. If thermocapillary forces are capable of 
destabilizing the meniscus then binary fluids may offer more stable menisci than pure fluids.
In order to support this hypothesis, it is desired to quantify the magnitude of the existing 
thermocapillary stresses through Marangoni numbers. Marangoni numbers are dimensionless 
quantities which represent the ratio of thermocapillary forces to those of viscous shear. It is 
desired to develop a set of governing equations which model the evaporation of a binary liquid 
mixture from a heated inclined surface. These governing equations will be scaled and reduced in 
order to obtain two Marangoni numbers which represent the thermocapillary effects of temperature 
and concentration gradients. The goal is to show that the Marangoni number due to concentration 
gradients is on the same order as that due to temperature gradients. This would
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imply that concentration gradients are capable of countering the destabilizing effects of 
temperature gradients on the meniscus.
The scaling analysis which was conducted follows from the work of Hallman [8], This 
work was extended to account for a binary liquid mixture as well as geometric differences.
3.2 Method
The governing equations for which the scaling analysis is based on a Newtonian 
description of a perfectly wetting and non-polar fluid. The binary liquid is treated as an ideal 
mixture, and the viscous stresses due to the vapor phase are considered negligible. A Cartesian 
coordinate system is used to describe the governing equations in two dimensions. From 
conservation of mass, the continuity equation is obtained.
w,+v, = 0 (1)
The conservation of momentum yields the equations for x-momentum and y-momentum 
respectively.
p[m, +mux +Vtt,] = -p, +p(u„+uyr)+pgstne (2)
p[v, + UV, + VV,] = -py +p\via +V„) +tf£COS<? (3)
Applying conservation of energy results in the energy equation.
x*^+“r»+vrJ=*(r»+rJ (4)
Additionally, the evaporative mass flux is given by Hallinan [8],
-,i/
me - 2a
2- a 2nRTlv
P,M-P^) + P^~^-{-oK-nd +/SCOS0) 
AY.
(5)
M
This is an expression for the thin film evaporation rate which accounts for the effects of disjoining 
pressure and meniscus curvature.
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These equations are subject to the following boundary conditions:
At the wall (y=0),
u = v = 0
T=Tw
At the liquid vapor interface,
• the kinematic condition
J = + v)( 1+h2x) 1,2 (6)
• energy balance
A=-M%-7;)(i+^r/2 (7)
• normal stress
p„ - p, = o„k - n- — = [- tv)]K+n - — (8)
A A
• shear stress
4(", +v,)(1-^)-4«A] = -At, +Tyhx\i + hT (9)
These governing equations and boundary conditions are scaled according to the given 
geometry (figure 3.1).
Figure 3.1: Geometry of Scaling Analysis
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Region I is defined as the region in which gravitational forces dominate. In region II, the effects of 
gravity and capillarity are on the same order. In region HI, mass diffusion dominates, therefore it 
is of little interest to the overall heat transport from the meniscus. The capillary length (£c) is
defined as the length of region H as measured along the inclined face. The reference length in the x 
direction (xr) is equal to the capillary length and is scaled as
x,r
The reference height (/zr) is defined by the film thickness at the pomt where diffusion effects begin 
to dominate. A relation between hr and xr can be obtained by equating the gravitational forces to 
the disjoining pressure forces.
• a A pgxr sin e~ -r
The thickness of the film in this region will be orders of magnitude smaller than the length of this 
region. This validates a small slope approximation which leads to
x,r
The reference velocity in the x and y directions are scaled respectively as
v
h
Reference pressure and time are scaled as follows
v
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The reference temperature gradient and evaporative mass flux are scaled in a similar manner.
A7 = 7;-7;
r • k\T 
J = me =
Using the reference parameters from above, dimensionless vanables can be defined. The 
dimensionless length in the x direction and height in the y direction are defined as follows
£ =
y_
h
The dimensionless film thickness and dimensionless time are defined as
h
r=LX = Lh,
K <r Xr
The dimensionless velocity in the x and y directions are given respectively as
u =
v -
Finally, the dimensionless temperature, pressure, and evaporative mass flux are given by
T-T
3 =
T -TM V
p
P =
J
° J
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These reference parameters and dimensionless variables are used to scale the governing
equations. The resulting dimensionless governing equations are given as follows:
• continuity
w.+v, = 0 (10)
• x-momentum and y-momentum respectively
+ x(uus + vu) = -XPc + X2ua: + u + (l l)
X2vt + %2(«vs +vv,) = -P„ + x(x2va+vJ + &^^ (12)
energy
X0r+x(uffc+vff„) = ~ [x2ea + oj (13)
• evaporative mass flux
J
< 1
^ + /z
(14)
where:
 GhrX2
A
Ylnp\^hr
(15)
(16)
(2“) M /2
U-ezJ
2nRTlv JTk.vJ
(17)
(18)
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A tangential force balance at the liquid-vapor interface leads to equating the surface shear to the 
derivative of the surface tension with respect to x.
du da 
dy dx
The surface tension has contributions from both constituents.
(19)
a = a} + a2 X2 (20)
= (CTi«, + Xi )-^1 + (^ +
= K+Zl(r - 7; )]jf,+[a2o+(r - 7;)]
This comes from assuming a linear relation between a and T -To. This assumption is valid for 
the temperature range of interest to this analysis. It follows that,
da dT dX2 dX., = rX^+r2^+(^+sl(T))^+(a2&+s2(T)) 
dx dx dx dx dx
Since X2 « Xv X2 is assumed to be zero and Xx is assumed to be one. The terms and d2
represent a collection of terms which are a functions of temperature and are considered negligible 
relative to aio and a2o respectively. Therefore, the derivative of surface tension becomes
da dT
= 7x-T + ^o
dX2 + a dX.
dx ' 1 dx 10 dx 20 dx 
However, further simplification comes from the fact that Xj = 1 - X2
da dT ( \ dX2
dx dx dx
(21)
(22)
This implies that
da dTlv dX2
(23)
Where: 7t = 7x
7X = ^20 ~ aio
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This indicates that yT is due solely to the volatile component, whereas yx has contributions from 
both the volatile and non-volatile components. Scaling this relation results in the non-dimensional
equation
(x2o-x2 Xrx\x2O-x2
(24)
/rA77!;
' T] ^lv
V™,
^lv +
Rewriting this equation in a simpler form results in the two Marangoni numbers which were 
desired from this scaling analysis.
ur. = Ma^Pr’1^. + MaxSc'1x2^ (25)
where:
MaT=Z^ZM
a/z
Pr1 = - 
v
(26)
(27)
Max
r,(*2,-*2.)y
D/li
(28)
Sc'1 = — (29)
v
The terms 6lv^ and x2 by definition are scaled to be on the order of one, leaving the two
Marangoni numbers, the Prandtl number and the Schmidt number as the quantities of interest. All 
of the terms in equations (26) through (29) can be calculated or found in tables except for AT, x2oo, 
and x2o. The quantities AT and x2oo can be found experimentally. However, determining x2o can 
be rather difficult. This quantity represents the concentration of the non-volatile component within 
the thin film region. It is a function of temperature and it increases as the heat flux, and therefore 
the temperature, is increased [15], The situation is further complicated by the effects of disjoining 
pressure which can be significant in this region and are rather complicated for binary liquid 
mixtures. In order to account for the disjoining pressure effects, it is necessary to experimentally 
determine the thickness of the film in question. This is typically found using optical measuring
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techniques such as interferometry or ellipsometry. Due to these difficulties, it is beyond the scope 
of the current work to determine the quantity x2o.
3.3 Results
The situation of interest is when the two quantities in equation (25) are on the same order 
for it is speculated that both optimal heat transfer and stability will be present under such a 
condition. For a given concentration there will exist a critical temperature gradient which will 
result in the two quantities being on the same order. It is desired to determine this cntical 
temperature gradient and compare this number to the temperature gradients found experimentally 
at various concentrations and conditions of stability.
Equating the significant terms from equation (25) gives
MaT Pr-1 = MaxSc~x (30)
y^IKXa y^X^XD (n)
afiv Dfj,v
Solving for AT, gives
\T = ^-\X2 (32)
Yt
Property values were obtained from (Vargaftik, 1975), resulting in
AT, = 75-AX, (33)
This is the critical temperature gradient that is found to exist from the prior scaling analysis. This 
quantity is a function of the concentration gradient, i.e. x2o and x2o0. It is hypothesized that above 
this value temperature induced shear forces dominate and instabilities may occur. Similarly, below
this value concentration induced surface shear forces dominate and a stable condition exists. It can
be seen that as the concentration gradient increases, the critical temperature gradient also increases, 
therefore making it more difficult to create an instability.
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Chapter 4
Experiment
4.1 Goals
Initially, it is desired to verify that the addition of small amounts of a non-volatile impurity 
to a pure fluid which is evaporating from a heated, inclined surface does increase the stability and 
heat transfer properties of the system as compared to that of the pure fluid alone under the same 
conditions. This has previously been observed by Baumann and Thiele [3] as well as Wayner and 
Tung [19] for the evaporation of binary fluids. The work of Holden and Katz [9] and Avedisian 
and Glassman [1] in the field of homogeneous nucleation of binary liquids produced similar results. 
These are the expected results therefore, observing these changes would lend support to the validity 
of the experiments being conducted. It is also desired to determine the optimum concentration of 
the binary mixture which will enhance the stability of the meniscus while maximizing the heat 
transport characteristics of the system.
Additionally, it is desired to quantify the changes in the meniscus stability and heat 
transport which do occur in a binary liquid mixture of pentane and decane. It is also desired to 
obtain data which will support the hypothesis that competing thermocapillary forces are 
responsible for the increased stability and heat transport which are experimentally observed in 
evaporation and nucleate boiling of binary liquid mixtures. This hypothesis will be investigated 
using the previously derived Marangoni numbers. In order to study this, it will be necessary to 
obtain the temperature gradients which exist across the evaporating meniscus at the onset of an 
instability. This data will be collected for pure pentane as well as various concentrations of the
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binary liquid mixture. It is expected that the opposing thermocapillary forces due to concentration 
gradients will allow a greater temperature gradient to exist across the meniscus before the onset of 
instabilities. Therefore, this "critical" temperature gradient should increase with increasing 
concentration of the non-volatile component.
4.2 Experimental Configuration
The working fluids that were used in the experiments were pentane (C5//12) and decane 
(CWH22 ). Pentane was chosen as the lower vapor pressure solvent because it readily evaporates 
(b. p. = 36°C) and because it is nearly perfectly wetting. Decane was chosen as the solute because 
it has a significantly higher vapor pressure (b. p. = 174°C), and because its chemical similarity 
makes it soluble in pentane. Both working fluids were of 99+% HPLC grade quality.
A rectangular glass test cell was designed and fabricated in order to conduct the 
evaporation tests (figure 4.1). The cell dimensions were 6" x 6" x 0.6". One face of the cell was 
inclined at an angle of fifteen degrees to extend the thin film region of the meniscus and allow 
better observation of 1-g evaporation. Each piece of the cell was chemically cleaned before 
assembly using heated potassium hydroxide (KOH). The potassium hydroxide works at the 
surface of the glass to thoroughly remove all oils and contaminants. After a brief cleaning in the 
KOH, each piece was rinsed with double distilled water. The wetting characteristics were then 
observed with water as well as pentane to ensure that the surface was free of contaminants. Upon 
final assembly, the test cell was given one more thorough cleaning.
Three resistance heaters were externally attached to the inclined face of the test cell to be 
used as a heat source (figure 4.2). These heaters were powered by a DC power supply and 
connected to a custom made circuit which allowed any combination of heaters to be operating in 
either a series or parallel configuration. A copper cooling block was placed beneath the test cell to 
act as a heat sink. Thermal grease was placed between the block and the cell to ensure good 
thermal contact. Water was circulated through the block by a temperature controlled circulating
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Figure 4.1: Schematic of Test Cell
bath. This experimental configuration allowed control of the heat input through the power supply 
and heat output through the circulating bath. In this manner a quasi-equilibrium state could be
achieved within the test cell.
4.3 Necessary Measurements
In order to obtain the temperature gradient which exists across the meniscus at the onset of 
instabilities, temperature profiles of the test cell were necessary. The temperature profile of the 
system was obtained using eight thermocouples, two internal and six external. The six external 
thermocouples were attached along the outside wall of the inclined plate as shown in figure 4.2. 
These were used to measure wall temperatures along the inclined surface. The two internal 
thermocouples were used to measure the temperatures of the bulk liquid and vapor regions. All 
thermocouples were referenced to an ice bath, and the temperature-induced voltages in the 
thermocouples were measured using an HP34401A multimeter. The same multimeter was used to 
measured voltages which were used to determine the system power. It was also necessary to know 
the concentration of the binary mixture being tested. Therefore, the concentration of decane by
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weight was determined using a digital scale at the onset of each test when the fluid mixture was 
being prepared. Visual observation of system stability was conducted by using a CCD camera 
with a close-up lens and a black and white monitor.
£------- 2"----------?
#1 ®
0.45"
designates a thermocouple
Figure 4.2: External Thermcouple Locations
4.4 Instrumentation
In order to measure the system temperature profiles, eight type-T thermocouples were 
constructed and calibrated from the same spool of 36 gauge wire. Both leads to the thermocouples 
were junctioned with copper wire of a similar gauge, and these junctions were placed in an ice bath 
reference. Within the ice bath, each junction was placed in a glass vial filled with mineral oil. The 
glass vials electrically isolate each emf, while the mineral oil acts as a thermal conductor to ensure 
that the junction is exposed to the ice bath reference temperature. The vials were placed in a dewar 
containing a slurry of crushed ice and de-ionized water.
The calibration was performed by exposing the thermocouple beads to the fluid in a 
constant temperature bath. The temperature of this bath was measured using a calibration 
thermometer whose smallest division was 0.02°C. The voltage of each thermocouple was 
measured using a six and a half digit HP multimeter. The temperature of the bath was varied over 
the range of the thermometer and the corresponding voltages were measured at each set point. The
28
images were downloaded onto an Apple Quadra 800, and subsequent image processing was
conducted using NIH 1.49 (a software package which was obtained from the National Institute of 
Health).
4.5 Experimental Procedure
Initially, tests were conducted using pure pentane as the working fluid. This provided a 
control for the experiment, by providing a reference with which the enhancement of stability and 
heat transfer properties at different concentrations of decane could be compared.
The range of fluid concentrations investigated was from zero to three percent decane by 
weight. The concentrations were increased in increments of one half of a percent. For each fluid 
concentration studied, three separate tests were conducted, each with different power increments. 
For the first test of each fluid mixture, power was increased gradually in increments of one half of 
a watt until an instability occurred. This first test was used to identify the power setting which was 
necessary to create an instability. For the second test of each fluid mixture, the previously 
determined power setting was approached in three larger power increments. For the final test, the 
power was brought directly up to the "critical" power setting. The three different power increments 
were used to determine the effect on system temperatures due to various power transients.
In order to minimize any variation between tests, careful precautions were taken to ensure 
that the experimental configuration was consistent. For example, the test cell was filled with fluid 
until the contact line of the meniscus reached a certain location. The test cell was also carefully 
leveled before each experiment. In an effort to reduce contamination, the cell was thoroughly 
rinsed with pure pentane between each test.
The binary mixtures were carefully prepared by using a digital scale. The flask which was 
used to fill the system was first weighed alone and then weighed while partially filled with pentane. 
The difference in these weights was used to determine the amount of pentane in the flask. Knowing 
the weight of the pentane and the desired concentration, the necessary weight of decane could be 
calculated. The scale with the pentane filled flask was zeroed and the necessary amount of decane
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was added. The final system weight was then measured and the percent of decane by weight could
be determined.
Once a fluid mixture was prepared, the test cell was filled to the proper meniscus position 
and leveled. The experimental procedure for all of the tests was the same. Depending on the 
power increment of the current test, the power was set to obtain the desired wattage. Once at this 
power setting, the system temperatures were observed until an equilibrium state was reached. At 
this point a temperature profile of the system was recorded, and the experiment was continued with 
the next power setting. During the data collection, the stability of the meniscus was monitored 
using the video imaging system. Instabilities were noted when they occurred, and the tests were 
terminated at the point where the instabilities were observed to persist.
This experimental procedure was repeated for each concentration of decane which was 
tested. The concentration was increased by one half of a percent decane by weight for each 
consecutive test. Due to the amount of time needed to collect the data, only a limited number of 
concentrations could be tested. It was desired to continue tests, i.e. increasing the concentration of 
decane, until the heat transfer properties of the system were observed to degrade. When the 
efficiency of the heat transfer begins to drop as diffusion becomes the limiting mechanism, the heat 
can no longer be transferred fast enough and as a result the system will begin to heat up.
Therefore, the point of maximum heat transfer occurs when system temperature is at a minimum. 
This implies that the optimum fluid concentration was the one before the degradation of heat 
transport properties.
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Figure 5.1: Bulk Liquid and Vapor Temperatures Vs. Concentration (@ 10 Watts)
Steady State Data @ 8 Watts
% decane by weight
Figure 5.2: Bulk Liquid and Vapor Temperatures Vs. Concentration (@ 8 Watts)
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Figure 5.3: Bulk Liquid and Vapor Temperatures Vs. Concentration (@ 6 Watts)
Steady State Data @ 4 Watts
Figure 5.4: Bulk Liquid and Vapor Temperatures Vs. Concentration (@ 4 Watts)
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The increase in stability at this optimum concentration is reflected in the critical power at 
that point, that is the power necessary to induce an instability. Table 5.2 shows the data which 
was collected corresponding to the onset of an instability. A plot of the critical power as a function 
of the concentration is shown in figure 5.5. It can be seen that the required power increases from 
pure pentane to about 1.5% decane, indicating that there is an increase in stability at the optimum 
concentration with respect to the pure system. What is interesting about the results shown in
Table 5.2: Data At The Onset Of An Instability
concentration 
(% decane)
power
(W)
tc 2 
(C)
tc 3 
(C)
tc7
(C)
tc 8 
(C)
Tw - Tv 
(C)
0.00 10.51 53.96 34.71 29.90 27.18 14.43
0.47 15.18 70.15 47.10 37.11 30.70 21.51
1.01 16.00 63.58 35.12 29.47 27.92 19.87
1.55 15.57 71.69 33.53 26.77 26.31 25.84
2.10 13.49 63.19 28.45 28.11 27.31 17.71
2.53 13.62 60.31 29.72 29.39 28.04 15.62
3.00 11.72 66.77 26.42 25.89 24.42 20.70
figure 5.5 is that beyond roughly 1.5% decane, the system becomes less stable, i. e. less power is 
required to create an instability. This is opposite of the result which was expected. It was 
anticipated that as the concentration of decane increased so would the stability, with the most 
stable condition occurring when the system consisted of pure decane. This was expected because 
the surface tension of decane is higher than that of pentane. Over the range of concentrations 
studied, the optimum stability occurred near the same concentration which provided the maximum 
heat transfer, roughly 1.5% decane.
The net result of the scaling analysis conducted previously was that a critical temperature 
gradient could be calculated based on competing thermocapillary forces which were represented by 
Marangoni numbers. The critical temperature gradient was determined to be on the order of 
seventy five times that of the concentration gradient (x2o - x2oo), where the concentration
36
gradient will be between zero and one. It should be noted that determination of x2o was beyond the 
scope of this work, therefore a direct comparison of the experimental results cannot be made 
with those of the scaling analysis. However, it can be seen from table 5.2 that the critical 
temperature gradients (Tw - Tv) are in line with the order of magnitude analysis which was 
conducted.
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Chapter 6
Conclusions
An optimum concentration, which was defined as that which provided the maximum heat 
transfer, was identified to be near 1.5% decane by weight. This point was identified by a minimum 
in system temperatures. The reduction in system temperatures with respect to that of pure pentane 
was found to be a function of the power input. Table 6.1 shows the steady-state bulk liquid and 
vapor temperatures over the range of fluid concentrations studied, and at a variety of power 
settings. These figures are scaled according to bulk liquid and vapor temperatures of the pure 
pentane system at the same power setting.
Table 6.1: Scaled, Steady-State System Temperatures At Various Power Settings
concentration 
(% decane)
4 Watts 6 Watts 8 Watts 10 Watts
vapor liquid vapor liquid vapor liquid vapor liquid
0.00 1.00 1.00 1.00 1.00 1.00 1.00 1.02 1.07
0.47 1.01 0.98 1.01 0.99 1.01 0.98 1.03 1.04
1.01 0.74 0.88 0.76 0.89 0.80 0.91 0.87 1.00
1.55 0.65 0.71 0.67 0.74 0.70 0.77 0.74 0.84
2.10 0.81 0.81 0.82 0.85 0.85 0.87 0.88 0.95
2.53 0.89 0.85 0.90 0.87 0.90 0.89 0.93 0.97
3.00 0.85 0.83 0.86 0.86 0.86 0.87 0.89 0.94
At the optimum concentration (1.55% decane) it can be seen that as the power setting was 
increased, the corresponding scaled system temperatures were not equal. For example at 4 watts 
the bulk vapor temperature was 65% of the pure pentane system, whereas at 10 watts the
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bulk vapor temperature was 74% of the pure pentane system. This indicates that not only is the 
heat transfer best at a concentration of about 1.5% decane, but that it is also slightly better at the 
low power settings than at the high power settings. A similar trend can be seen in the bulk liquid 
temperatures. Overall, the decrease in bulk vapor temperatures ranged from 35% to 26% of the 
pure pentane system. Similarly, the decrease in the bulk liquid temperatures ranged from 29% to 
16% of the pure pentane system. These temperature reductions reflect the improvement to heat 
transfer in the system.
The increase in the stability at the point of optimum heat transfer can be seen in table 6.2 
which shows the power necessary to create an instability over the range of concentrations studied. 
These figures are scaled according to the power needed to induce an instability in the pure pentane 
system. It can be seen that at a concentration of 1.55% decane it required nearly 50% more power 
to induce an instability than it did for the pure pentane system. This reflects the increase instability 
due to the addition of a second constituent. The optimum concentration for the pentane-decane 
system with regard to stability occurred at roughly 1.5% decane by weight.
The conclusion here is that both heat transfer and stability are improved due to the addition 
of a second fluid component. Additionally, both of these properties are near there maximum 
enhancement at the same concentration, 1.5% decane by weight.
Table 6.2: Scaled Critical Power At Various Fluid Concentrations
concentration 
(% decane)
power
(W)
power
(scaled)
0.00 10.51 1.00
0.47 15.18 1.44
1.01 16.00 1.52
1.55 15.57 1.48
2.10 13.49 1.28
2.53 13.62 1.30
3.00 11.72 1.12
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There remains another important and unexpected result from these experiments. It can be 
seen from table 6.2 that beyond 1.55% decane, the critical power began to decrease rather severely, 
in contrast to the anticipated result. This indicates a decrease in stability beyond 1.5% decane.
The reason for this decrease in stability may be due to an increasing contact angle at the interface 
as the concentration of the non-volatile component is increased. An increase in the contact angle 
would act to diminish the effect which short-range surface forces have on the thin film. Normally, 
these forces have tendency to stabilize the interface, therefore a reduction in the effect of the short 
range forces would make the interface more susceptible to instabilities. Additionally, increasing 
the contact angle would tend to thicken the film and reduce the length of the area which supports 
the most effective heat transfer. The net result is that temperature gradients now act over a shorter 
distance. This causes the surface shear due to temperature gradients to become more pronounced 
which would also make the interface more susceptible to instabilities.
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Chapter 7
Recommendations
The results of the experiments which were conducted show trends which indicate that a 
binary liquid mixture of pentane / 1.5% decane offers a more stable meniscus and also provides 
more effective heat transfer. This finding is supported by the previous work of Parks and Wayner
[15], Wayner and Tung [19], and others. However, this work is unique because it indicates that 
the stability of the system may decrease with the increase in the non-volatile component. This 
result will be a function of the working fluids used as well as the geometry. Therefore, effective 
design of a phase change heat transport device may require specific experimentation in order to 
determine the optimum concentration of the working fluids used as well as the limits of the 
effectiveness of the device. The increase in stability and heat transfer that were observed in this 
study, indicate that binary liquid mixtures have the potential to be effective space-based phase 
change heat transport devices. The increased stability observed with binary mixtures may lend the 
additional stability that the space-based devices need in order to avoid premature failure.
The results which were obtained from these expenments proved to be unique and 
interesting, and therefore worth further investigation. In light of the difficulties and shortcomings 
encountered with the test cell used to conduct these experiments, a different configuration is 
proposed which would greatly improve future investigation. A closed loop capillary geometry is 
recommended, such as portrayed in the schematic shown in figure 7.1. The "vertical" legs of this 
test cell could be inclined at any desired angle. It would be useful in future studies, to investigate 
evaporation at a different angle of inclination than that of this study (15°). This would allow a 
more thorough determination of the damping effects of gravity, which is an important issue in the
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Appendix A
Thermocouple Calibration Error Analysis
45
Read Data File (File name KD01.PRN)
X Y = RE ADPRN( KDO1)
Number of Data Points for Each Thermocouple
N = 65
i = 1..N
Thermocouple Number: TC = 10
X =XY<1> Y =XY<TC+1>
x =X.
PERFORM FIRST ORDER LEAST SQUARES FIT ON tc = 10
Initial Guess a =1 b =1
Given
Zy=a-N -I- b-Zx
Z(x-y)=a-Zx +- b-Zx^
/a \
= Find(b,a)
\bl
Coefficients: a = 0.041 b =-0.047
1 1
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Plot of Data Against First Order Curve Fit V calib. '=a'(xi) + b
Uncertainty Analysis Using t-Distribution
dj y calib.
ave
Id
N
s d = stdev(d)-
N- 1
sd = 0.002
d ave 0
N
d bar sd bar-2-165*10
N
t ave
sd bar t =-3.195-10
-12
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95% confidence interval for nu = N-1 N - 1 =64 pt 95% ~2 00
confid 95o/o = d aye + - P t 95o/o- s dbar confid 95o/o = -4.33033• 10 4
confid 95o/o = d ave P t 95o/o- s d bar confid 9^0/0 = 4.33033 • 10 4
90% confidence interval for nu = N-1 Pt_90% = 1-671
confid 90o/o = d ave + - P t 90o/o- s d_baf confid 9q%- -3.61799* 10 4
confid 90o/o = d ave + P t 90o/o s d bar confid 90o/o = 3.61799* 10 4
confid 95o/o
8 =-------- —---- 8=0.01
a
Using a 95% Confidence Interval and Limits of x =20 to xN = 35 degrees C, the
Temperature at Thermocouple TC = 10 is given by:
T = I
a^
Where: E is the voltage in mV
mVa = 0.04133 ------ ——
degreesC
b =-0.04737 mV
8=0.01 degreesC
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Appendix B
Steady-State Experimental Data
For Power Inputs of 4, 6, and 8 Watts
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Steady State Data at 4 Watts
concentration tc7 tc 8 tc7 tc 8
(% decane) (C) (C) (scaled) (scaled)
0.00 27.42 21.26 1.00 1.00
0.47 27.68 20.88 1.01 0.98
1.01 20.35 18.70 0.74 0.88
1.55 17.90 15.14 0.65 0.71
2.10 22.16 17.21 0.81 0.81
2.53 24.51 17.97 0.89 0.85
3.00 23.19 17.60 0.85 0.83
Steady State Data at 6 Watts
concentration tc7 tc 8 tc7 tc 8
(% decane) (C) (C) (scaled) (scaled)
0.00 27.91 22.72 1.00 1.00
0.47 28.22 22.43 1.01 0.99
1.01 21.32 20.30 0.76 0.89
1.55 18.77 16.92 0.67 0.74
2.10 22.96 19.23 0.82 0.85
2.53 25.14 19.81 0.90 0.87
3.00 23.94 19.55 0.86 0.86
Steady State Data at 8 Watts
concentration tc7 tc 8 tc 7 tc 8
(% decane) (C) (C) (scaled) (scaled)
0.00 28.71 24.52 1.00 1.00
0.47 28.99 24.08 1.01 0.98
1.01 23.07 22.35 0.80 0.91
1.55 19.96 18.93 0.70 0.77
2.10 24.35 21.33 0.85 0.87
2.53 25.90 21.74 0.90 0.89
3.00 24.68 21.22 0.86 0.87
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Appendix C
Properties of Working Fluids
51
Properties of n-Pentane @ 40° C
X = -0.11-10-3 (N/m-K) 
//= 1048-10 7 (N-s/m2) 
p= 606.2 (kg/ m3) 
<7=0.0138 (N/m)
Properties of n-Decane @ 40°C
p= 714.5 (&g/w3) 
(7=0.02206 (N/m)
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